Abstract. Off-the-shelf spatial light modulators ͑SLMs͒ like those commonly included in video projection devices have been seldom used for the compensation of eye aberrations, mainly due to the relatively low dynamic range of the phase retardation that can be introduced at each pixel. They present, however, some interesting features, such as high spatial resolution, easy handling, wide availability, and low cost. We describe an efficient four-level phase encoding scheme that allows us to use conventional SLMs for compensating optical aberrations as those typically found in human eyes. Experimental results are obtained with artificial eyes aberrated by refractive phase plates introducing either single Zernike terms or complex eye aberration patterns. This proof-of-concept is a step toward the use of lowcost, general purpose SLMs for the compensation of eye aberrations.
Introduction
Clinical applications for early diagnosis and patient monitoring as well as basic studies on physiological optics and vision science have benefited in the last few years from the development of reliable wavefront sensors able to measure human eye aberrations, and optical components and devices able to compensate them. This rapidly growing field, arising from the convergence of three distinct lines of research, represented by the pioneering works of Hartmann 1 ͑noninterferometric wavefront measurements͒, Babcock 2 ͑proposal of using addressable active elements for the compensation of wavefront distortions͒, and Smirnov 3 ͑measurement of high-order human eye aberrations͒, allowed for unprecedented advances, such as the observation and classification in vivo of the retinal cone mosaic. 4 Wavefront sensing and compensation is today an enabling technology for biomedical optics. There is correspondingly a trend toward the development of reliable, low-cost, easy-touse devices for their transfer to clinical practice. Wave aberrations can be measured using different approaches, the most commonly used being those based on the measurement of the aberration of local slopes. This can be done with several kinds of aberrometers like the widespread Shack-Hartmann wavefront sensor, 5, 6 the laser ray tracer, 7 or the spatially resolved refractometer, 8 among others. Eye aberration compensation, in turn, has been successfully demonstrated using deformable mirrors, [9] [10] [11] [12] [13] spatial light modulators ͑SLMs͒, [14] [15] [16] [17] [18] and/or static phase plates. 19, 20 General-purpose spatial light modulators based on liquid crystal displays like those used in video projection devices offer some interesting features for this task. They can be configured to act basically as segmented ͑pixelated͒ piston correctors, offering a relatively high spatial resolution ͑of the order of 0.5 to 0.7 megapixels for inch-sized displays͒, adaptiveness, and easy addressability and control. They are also low-cost devices widely available, and it can be anticipated that their performance will improve in the near future, driven by the needs of the consumer electronics industry. They share with deformable mirrors their ability to compensate dynamic eye aberrations ͑although with a lower temporal bandwidth͒, and share with the phase plates their high spatial resolution. However, given the relatively low optical quality of their end surfaces and the small dynamic range of the phase retardation that can be introduced at each pixel ͑generally less than 2 rad at visible wavelengths͒, the use of conventional SLMs in eye optics and visual science was not particularly extended. The trend in the last few years was rather to move toward special purpose SLMs [14] [15] [16] with higher dynamic range of phase retardation at each pixel ͑at the price of a drastic loss of spatial resolution͒, or to some high-end devices. 17, 18 We report the use of a four-level phase encoding scheme enabling the use of conventional SLMs as diffractive elements for the compensation of optical aberrations of shapes and magnitudes typical of those found in human eyes. Experimental results were obtained for the compensation of different kinds of aberrations using an artificial eye with refractive phase plates generating single Zernike modes as well as complex eye aberration patterns. The four-level phase encoding scheme only requires a maximum of 3 / 2 rad phase retardation at each pixel, which is well within the capabilities of several commercially available SLMs. The price to pay for this simplified encoding is that at least 19% of the available light is lost in diffraction orders other than those of interest. This leaves a theoretical maximum of 81% of the energy as a useful signal, an amount which may be further reduced if the fill factor of the SLM pixels is less than one. This is, however, an acceptable tradeoff, taking into account the practical advantages of this kind of element.
In Sec. 2 we describe the basic SLM device and the fourlevel phase encoding scheme used in this work. Section 3 shows the experimental setup and the results of the compensation in the artificial eye. Discussion and conclusions are drawn in Sec. 4.
Spatial Light Modulators and Aberration Encoding Scheme
We have used as a SLM a twisted-nematic liquid crystal display ͑TNLCD͒ ͑Sony, model LCX016AL͒. The liquid crystal screen has an effective area of 26.6ϫ 21 mm 2 and is composed of 832ϫ 624 pixels ͑of effective size 26.7 ϫ 21.3 m 2 each͒ arranged in a square array with a center to center spacing of 32 m. Every pixel contains a liquid crystal cell sandwiched between two transparent electrodes, which are coated with a thin alignment layer. Assuming strong surface anchoring, the rubbing direction on the alignment layer corresponds to the orientation of the molecular director at the boundary surfaces. In the twisted-nematic structure, alignment layers are rubbed in different directions in such a way that the molecules are forced to twist on a helix. For our display, the total twist angle is −1.594 rad. This angle ͑as well as other physical cell parameters͒ has been measured experimentally by means of a single-wavelength polarimetric method. 21 In commercial liquid crystal displays, the application of a voltage to the cells is performed by sending a gray-level image to the device. Thus, every gray-level g corresponds to a value of the applied voltage. In this situation, the liquid crystal molecules tend to realign in a direction parallel to the applied field, yielding to a change in the complex amplitude of input light. Our display has an 8-bit controller that gives 256 different gray levels in the on-state. The optical behavior of the liquid crystal cells for each value of g can be determined by means of the so-called retarder-rotator approach. This model is based on the equivalence between a twistednematic liquid crystal cell and a system consisting of one retardation plate and one rotator. 22, 23 The characterization of this equivalent system is performed through two parameters, which are the equivalent phase retardation ␦ eq and the equivalent rotation angle eq . Both angles, whose values depend on the molecular realignment caused by the applied voltage, can be measured experimentally by polarimetric techniques. 23 Once the curves ␦ eq ͑g͒ and eq ͑g͒ have been determined, the Jones matrix of the TNLCD can be easily calculated.
In general, a TNLCD provides a coupled amplitude and phase modulation versus the addressed gray level, 24 which deteriorates the performance of the display as a phase-only SLM. To reduce this coupling effect, the TNLCD is launched between two quarter wave plates and two polarizers, 25 as shown in Fig. 1 . With the aid of the Jones matrix calculus, it is possible to find the orientations of the input and output polarization elements that provide an optimal response. 26 For our display, numerical simulations were carried out using the experimental values of the TNLCD matrix derived by the aforementioned retarder-rotator approach. The operating curve in the optimal configuration is shown in Fig. 2 . The maximum phase-modulation depth is slightly greater than 3 /2, and the residual irradiance modulation is smaller than 2%.
The aberration to be compensated at each pixel was codified by rounding it to the nearest level using a four-level ͓͑0, /2, ,3 /2͒ rad͔ encoding scheme. In this way, the SLM acts as a diffractive element. In the case of an N-level phase encoding scheme, the diffraction efficiency in the useful signal present in the first order of diffraction is equal to Then, for N =4, we have 1 = 81%. The remaining 19% of the incident light is lost in diffraction orders other than those of interest.The diffraction efficiency of real SLMs will be somewhat lower, because the fill factor of the elementary cell is smaller than 1. Therefore, an N-step phase grating programmed in the OX direction will act as a 2-D grating with additional binary amplitude modulation in both directions, and hence its diffraction efficiency in the ͑1,0͒ diffraction order will be equal to 28 :
where ␣ X , ␣ Y are the opening ratios in the OX and OY directions, respectively, i.e., the pixel's widths divided by the 1 Experimental setup for achieving phase-only modulation. P denotes a polarizer; QWP, a quarter wave plate; and LCD, the sample display. In the upper diagram, the x axis coincides with the input molecular director of the liquid crystal cell. P 1 and P 2 are, respectively, the orientation of the polarizer and the analyzer. L 1 and L 2 are the angles of the slow axis of the quarter wave plates with respect to the x axis. In the optimal configuration, P 1 = −25 deg, L 1 = −28 deg, L 2 = 17 deg, and P 2 = −51 deg.
SLM's pitch, equal in our case to ␣ X = 0.8344 and ␣ Y = 0.6656. In our device, this limits the first-order useful signal to 26.7% of the incident energy. In our case, the number of phase steps per period was chosen as N =4. Higher N allows us to obtain a higher diffraction efficiency. However, in general this number will be limited by two factors: the maximum phase change MAX admitted by the device MAX Ն 2͑N −1͒ / N, and the maximum wavefront slope to be compensated, which is limited by the width of the minimum number of pixels necessary for covering the phase change of 2 rad, and is equal to 2 / Nd, where d is the pixel array pitch.
Experimental Results

Experimental Setup
To evaluate the compensation performance of this SLM, an aberrated eye was built, consisting of a 380-mm focal-length lens and a charged-coupled device ͑CCD͒, in front of which different kinds of refractive phase plates were located to introduce different amounts and types of aberration. The compensating SLM was positioned very close to the aberrated plate without using any intermediate optical element. A more precise setup could include a relay optical system to project the SLM plane onto the plate plane, but we did not find it necessary for this proof-of-concept experiment, since for eye aberrations of typical magnitude, a small axial separation between the compensating element and the eye pupil does not give rise to a noticeable loss of compensation. 29 The whole setup was illuminated with = 514 nm by a TEM 00 expanded beam from an Ar laser, provided with a set of neutral density filters to keep irradiance at a suitable level.
The aberrated plates used in this study were manufactured at Universidade de Santiago de Compostela by gray-level photosculpture, a process already used to fabricate phase plates for the compensation of eye aberrations. 19 A layer of Microposit™ S-1800 series photoresist was spin-coated onto a soda-lime glass substrate at 1000 rpm for 30 s, soft baked in a convection oven at 90°C for 30 min to remove solvent, and exposed to UV radiation through an aberration-encoding grayscale silver halide mask recorded on AGFA APX-25 film. The solubility of the photoresist in an alkaline medium, very low before exposure, increases dramatically in the exposed areas depending on the absorbed dose, and this feature is used to draw the refractive profile by developing the plates in an alkaline solution during a suitable time at the proper levels of concentration and temperature. Once dried, the plate aberrations were measured using a Shack-Hartmann wavefront sensor ͑at = 587 nm͒ and several interferograms of them were taken using a Mach-Zehnder interferometer ͑at = 633 nm͒. The aberration coefficients measured by the wavefront sensor were used to generate a numerical interferogram, which was compared against the experimentally obtained one to check for consistency. Direct inspection of the plate surface using the light transmitted by a single arm of the interferometer under high magnification was also useful to check for any relevant small-scale surface irregularity that could have been produced in the manufacturing process and gone unnoticed in the interferograms or the wavefront sensor reconstructed phase. In all calculations where different wavelengths were involved, the corresponding corrections were made to take into account the wavelength dependence of the refractive index of the photoresist, whose data are available from the manufacturer. Figure 3 shows the actual interferograms of the plates used in this study ͑first column͒, the interferograms computed from the wavefront sensor measurements ͑second column͒, and the corresponding four-level phase patterns sent to the SLM ͑third column͒. The diameter of the optical zone of the plates is 6.4 mm. The optical zone corresponds to the central part of the interferograms, and is framed by a circle and a square, which are photoresist relief fiducial marks used for alignment purposes. The plates correspond to the Zernike coma term Z 3 1 ͑double-index Optical Society of America scheme͒ 30 in the first row, the Zernike Z 7 5 ͑second row͒, and a typical pattern of a moderately highly aberrated eye ͑third row͒. The magnitude of the aberration generated by each plate is 2.39 m peak-tovalley ͑0.44 m rms͒ for Z 3 1 , 2.23 m p-v ͑0.26 m rms͒ for Z 7 5 , and 4.50 m p-v ͑0.76 m rms͒ for the aberrated eye ͑all measurements were made at 587-nm wavelength͒.
Aberration Compensation
Once measured, each phase plate was located in front of the lens-CCD setup with the SLM switched off, and an image of the corresponding aberrated point-spread function ͑PSF͒ was recorded at the CCD plane. Then, the four-level image of the compensating phase was codified in the SLM, as computed from the Zernike coefficients of the plate given by the wavefront sensor ͑taking into account the photoresist refractive index correction for working under 514-nm illumination͒, and the compensated PSF was recorded. In several cases, an additional PSF was taken, reversing the sign of the SLM phase, to check the effects of doubling the plate aberration instead of correcting it. Finally, the plate was removed from the system, and the PSF produced by the SLM alone was recorded for comparison. Figures 4-6 show the experimental results corresponding to the compensation of the artificial eye aberrated by the different plates. In Figs. 4͑a͒, 5͑a͒ , and 6͑a͒, the PSF of the aberrated eye produced by the plate is shown; Figs. 4͑b͒, 5͑b͒, and 6͑b͒ show the PSF produced by the SLM alone when encoding the compensating phase; Figs. 4͑c͒, 5͑c͒, and 6͑c͒ show the PSF of the aberrated eye after compensation using the SLM; Figs. 4͑d͒, 5͑d͒, and 6͑d͒ show the PSF of the aberrated eye when the SLM was codified to produce an aberration of the same magnitude and sign as that of the plate, doubling in this way the original aberration. The resemblance of the PSFs produced by the plate and the SLM alone ͓͑a͒ and ͑b͒ in Figs. 4-6͔ , aside from the symmetry arising due to the sign reversal, is clearly apparent. As can be seen, the compensated PSF in Figs. 4͑c͒, 5͑c͒ , and 6͑c͒ collapsed in all cases to a size noticeably smaller than that of the original aberrated one. This compensation was somewhat less perfect in the case of the plate with the aberration of an in vivo measured eye ͑Fig. 6͒, which included Zernike terms up to the seventh order ͑35 nontrivial Zernike polynomials͒, hence being very sensitive to small misalignments of the system, an inherent feature of high-order compensation. The PSFs in Figs. 4͑d͒, 5͑d͒ , and 6͑d͒, obtained by doubling the artificial eye aberration reversing the sign of the SLM phase, show the general features of the original ones but with a twofold increase of their size. The central spot that can be observed in Fig. 4͑d͒ corresponds to the residual zeroth-order undiffracted light of the SLM; this small contribution is not apparent in the other figures where the SLM is switched on, since it is superimposed to the much brighter diffracted PSF cores. Note that except for this zerothorder contribution, no other diffracted light arising from unwanted orders is apparent in the recorded frames. These contributions can only be detected by increasing the gain of the recording CCD well above the saturation level. 1 : ͑a͒ aberrated PSF produced by the plate, ͑b͒ PSF produced by the SLM alone when encoding the four-level compensating phase, ͑c͒ PSF of the aberrated eye after compensation using the SLM, and ͑d͒ PSF of the aberrated eye when the SLM encodes an aberration of the same magnitude and sign as that of the plate, doubling in this way the original aberration. : ͑a͒ aberrated PSF produced by the plate, ͑b͒ PSF produced by the SLM alone when encoding the four-level compensating phase, ͑c͒ PSF of the aberrated eye after compensation using the SLM, and ͑d͒ PSF of the aberrated eye when the SLM encodes an aberration of the same magnitude and sign as that of the plate, doubling in this way the original aberration.
Discussion and Conclusions
We show that one of the basic limitations of conventional off-the-shelf liquid-crystal SLMs, that is, the reduced dynamic range of the phase retardation that can be introduced at each pixel, can be overcome using a four-level phase encoding scheme, allowing for a theoretical maximum of 81% diffraction efficiency at the desired order, somewhat reduced in practice if the fill factor of the pixel array is smaller than 1. This approach allows us to take advantage of the relatively high spatial resolution of these devices and their inherent features of easy addressability and control, and especially their wide availability and very low cost.
High-spatial resolution is a key feature for aberration compensation since, using a modulus 2 phase encoding scheme, the limiting factor is not the maximum peak-to-valley value of the eye aberration to be compensated for, but their maximum local slope. In our case, the maximum slope that can be fully compensated using the SLM in a 1:1 scaling configuration optically conjugated to the eye pupil is 2 / ͑4 ϫ 0.032͒ = 49.1 rad/ mm at 514 nm, that is, corresponding to about eight line pairs/mm in the interferogram of the aberration at that wavelength or about 47 wavelengths of prism across a 6-mm-diam pupil. This conservative estimate was made under the assumption that each 2 cycle of prism be sampled by at least four pixels, so that the phase quantization noise inside each pixel ͑that is, the difference between the actual phase to be compensated for and the phase level set at the corresponding pixel͒ be smaller than / 4 rad at all locations. Using the same 1:1 scaling configuration, there are more than 180 available pixels across a 6-mm-diam pupil, which according to recent estimations should be enough for achieving diffractionlimited imaging in the compensation of typical eye aberrations. 31 As a drawback, the SLM we used has a relatively poor fill factor, so that the achievable Strehl will be lower than the theoretical maximum predicted for 100% fill.
The two main limitations of this approach for aberration compensation are common to other SLM devices. First, the SLM needs to be illuminated by a state of completely polarized light, which will amount to an additional loss of 50% of energy if the eye structures of interest depolarize the illuminating beam ͑although some special-purpose cells have been designed that may handle nonpolarized light 32 ͒. And second, the efficiency of the four-level phase encoding scheme is, of course, wavelength dependent due to the phase wrapping, the material dispersion of the liquid crystal, and the wavelength dependence of the quarter wave plates, so that its performance is degraded as the illuminating wavelength differs from the design one, hence we had to use relatively narrowband light. A bandwidth of order 10 nm may be acceptable if zero-order waveplates are used. As an additional limitation, the particular SLM used in our demonstration is able to achieve a 3 /2 phase modulation for wavelengths of 514 nm or smaller, which hinders its use to compensate aberrations with fourlevel phase encoding at longer wavelengths. This last limitation may be partially alleviated using a three-level or a binary phase scheme, but only at the cost of dropping the first-order diffraction efficiency to levels of 68.4 or 40.5%, respectively ͑23.8 or 16.8% when the fill factor of the device's elementary cell will be taken into account͒.
However, these limitations are balanced by some practical advantages. Off-the-shelf SLMs have easy addressability and the possibility of compensating dynamical aberrations. They are directly compatible with all commonly used software for graphic display, since they are essentially a computer screen. And additionally, they present a particularly attractive feature, which is the combination of a high spatial resolution with a very low cost ͑which may be about 30 times smaller than that of other special-purpose SLMs of comparable resolution͒. Taking into account all of these factors, we believe that offthe-shelf SLMs may be an interesting complement to the solutions already available for aberration compensation, and may potentially find a niche in those applications where low cost and easy availability are an issue.
Finally, in this work we use a simple open-loop compensation procedure, which does not allow for an easy correction of the effects of small misalignments of the SLM with respect to the phase plates. Eye aberration compensation has been shown to be very sensitive to small transversal misalignments, as well as to in-plane rotations of the correcting element. 29, 33 A closed-loop approach, where the residual phase after compensation would be measured and used to drive the SLM with a refined estimate of the phase, would very likely allow even better results.
Fig. 6
Compensation of a complex aberration pattern typical of a human eye: ͑a͒ aberrated PSF produced by the plate, ͑b͒ PSF produced by the SLM alone when encoding the four-level compensating phase, ͑c͒ PSF of the aberrated eye after compensation using the SLM, and ͑d͒ PSF of the aberrated eye when the SLM encodes an aberration of the same magnitude and sign as that of the plate, doubling in this way the original aberration.
